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It would be superfluous at a Symposium on Vi-
ruses to introduce a paper on the structure of DNA
with a discussion .on its importance to the problem
of virus reproduction. Instead we shall not only
-assume that DNA is important, but in addition that
it is the carrier of the genetic specificity of the
virus (for argument, see Hershey, this volume) and
thus must possess in some sense the capacity for
exact self-duplication. In this paper we shall de-
scribe a structure for DNA which suggests a mech-
anism for its self-duplication and allows us to pro-
pose, for the first time, a detailed hypothesis on
the atomic level for the self-reproduction of genetic
material. S o

We first discuss the chemical and physical-chemi-
cal data which show that DNA is a long fibrous
molecule. Next we explain why crystallographic
evidence suggests that the structural unit of DNA
consists not of one but of two polynucleotide chains.
We then discuss a stereochemical model which we
believe satisfactorily accounts for both the chemical
and crystallographic data. In conclusion we sug-
gest some obvious genetical implications of the
proposed structure. A preliminary account of some
of these data has already appeared in Nature (Wat-
son and Crick, 1953a, 1953b).

1. EvipENCE FoR THE FiBrous NATURE oF DNA

The basic chemical formula of DNA is now well
established. As shown in Figure 1 it consists of a
very long chain, the backbone of which is made up
of alternate sugar and phosphate groups, joined to-
gether in regular 3’ 5" phosphate di-ester linkages.
To each sugar is attached a nitrogenous base, only
four different kinds of which are commeonly found
in DNA. Two of these—adeninre and guanine—
are purines, and the other two—thymine and cy-
tosine—are pyrimidines. A fifth base, 5-methyl
cytosine, occurs in smaller amounts in certain or-
ganisms, and a sixth, 5-hydroxy-methyl-cytosine, is
found instead of cytosine in the T even phages
{Wyatt and Cohen, 1952),

It should be noted that the chain is unbranched,
a consequence of the regular internucleotide link-
age. On the other hand the sequence of the differ-
ent nucleotides is, as far as can be ascertained,
completely irregular. Thus, DNA has some fea-
tures which are regular, and some which are ir-
regular.

A similar conception of the DNA molecule as a

1 Aided by a Fellowship from the National Foundation
for Infantile Paralysis.

long thin fiber is obtained from physico-chemical
analysis involving sedimentation, diffusion, light
scattering, and viscosity measurements. These tech-
niques indicate that DNA is a very asymmetrical
structure approximately 20 A wide and many thou-
sands of angstroms long. Estimates of its molec-
ular weight currently center between 5 X 10¢ and

. 107 (approximately 3 X 10% nucleotides). Sur-

prisingly each of these measurements tend to sug-
gest that the DNA is relatively rigid, a puzzling
finding in view of the large number of single honds
(5 per nucleotide) in the phosphate-sugar back-
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Ficure 1. Chemical formula (diagrammatic) of a single
chain of desoxyribonucleic acid.

[123]



124 J

confirmed by electron microscopy. Employing high
resolution techniques both Williams (1952) and
Kahler et al. (1953) have observed, in preparations
of DNA, very long thin fibers with a uniform width
of approximately 15-20 A. -

II. EviDENCE For THE EXISTENCE oF Two CHEMI-
cAL CHAINS IN THE FIBER

This evidence comes mainly from X-ray studies.
The material used is the sodium salt of DNA (usu-
ally from calf thymus) which has been exiracied,
purified, and drawn into fibers. These fibers are
highly birefringent, show marked ultraviolet and
infrared dichroism (Wilkins et al., 1951; Fraser
and Fraser, 1951), and give good X-ray fiber dia-
grams. From a preliminary study of these, Wil-
kins, Franklin and their co-workers at King’s Col-
lege, London (Wilkins et al., 1953; Franklin and
Gosling 1953a, b and ¢) have been able to draw
certain general conclusions about the structure of
DNA. Two important facts emerge from their
work. They are:

(1) Two distinct forms of DNA exist. Firstly a
crystalline form, Structure A, (Figure 2) which
occurs at about 75 per cent relative humidity and
contains approximately 30 per cent water. At high-
er humidities the fibers take up more water, in-
crease in length by about 30 per cent and assume
Structure B (Figure 3). This is a less ordered
form than Structure A, and appears to be para-
crystalline; that is, the individual molecules are all
packed parallel to one another, but are mnot other-
wise regularly arranged in space. In Table 1, we
have tabulated some of the characteristic features
which distinguish the two forms. The transition
from A to B is reversible and therefore the two
structures are likely to be related in a simple
manner.

(2) The crystallographic unit contains two poly-
nucleotide chains. The argument is crystallographic
and so will only be given in outline. Structure B
has a very strong 3.4 A reflexion on the meridian.
As first pointed out by Astbury (1947), this can
only mean that the nucleotides in it occur in groups
spaced 3.4 A apart in the fiber direction. On going
from Structure B to Structure A the fiber shortens
by about 30 per cent. Thus in Structure A the
groups must be about 2.5 per cent A apart axially.
The measured density of Structure A, (Franklin

Ficure 2. Xoray fiber diagram of Structure A of desoxy-
ribonucleic acid. (H. M. F, Wilkins and H. R. Wilson,
unpub.)

and Gosling, 1953c) together with the cell dimen-
sions, shows that there must be two nucleotides in
each such group. Thus it is very probable that the
crystallographic unit consists of two distinet poly-
nucleotide chains. Final proof of this can only
come from a complete solution of the structure.

Structure A has a pseudo-hexagonal lattice, in
which the lattice points are 22 A apart. This dis-
tance roughly corresponds with the diameter of
fibers seen in the electron microscope, bearing in
mind that the latter are quite dry. Thus it is prob-
able that the crystallographic unit and the fiber
are the one and the same.

III. DESCRIPTION OF THE PROPOSED STRUCTURE

Two conclusions might profitably be drawn from
the above data. Firstly, the structure of DNA is

TABLE 1.
(From Franklin and Gosling, 1953a, b and ¢)

Number of
Location of nucleotides
Degree of Repeat distance first equatorial Water within unit
orientation along fiber axis spacing content cell
Structure A Crystalline 28 A 18 A 30% 22.24
Structure B Paracrystalline 34 A 2224 A > 30% 20 (?)
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Ficure 3. Xeray fiber diagram of Structure B of desoxy-
ribonucleic acid. (R. E, Franklin and R. Gosling, 1953a.)
S e .

regular enough to form a three dimensional crystal.
This is in spite of the fact that its component
chains may have an irregular sequence of purine
and pyrimidine nucleotides. Secondly, as the struc-
ture contains two chains, these chains must be regu-
larly arranged in relation to each other.

To account for these findings, we have proposed
(Watson and Crick, 1953a) a structure in which
the two chains are coiled round a common axis
and joined together by hydrogen bonds between
the nucleotide bases (see Figure 4). Both chains
follow right handed helices, but the sequences of
the atoms in the phosphate-sugar backbones run
in opposite directions and so are related by a dyad
perpendicular to the helix axis. The phosphates
and sugar groups are on the outside of the helix
whilst the bases are on the inside. The distance of
a phosphorus atom from the fiber axis is 10 A. We
have built our model to correspond to Structure B,
which the X-ray data show to have a repeat dis-
tance of 34 A in the fiber direction and a very
strong reflexion of spacing 3.4 A on the meridian
of the X-ray pattern. To fit these observations our
structure has a nucleotide on each chain every 3.4
A in the fiber direction, and makes one complete
turn after 10 such intervals, i.e., after 34 A. Our

e

structure is a well-defined one and all bond dis-
tances and angles, including van der Waal distances,
are stereochemically acceptable.

The essential element of the structure is the man-
ner in which the two chains are held together by
hydrogen bonds between the bases. The bases are
perpendicular to the fiber axis and joined together
in pairs. The pairing arrangement is very specific,
and only certain pairs of bases will fit into the
structure. The basic reason for this is that we have
assumed that the backbone of each polynucleotide
chain is in the form of a regular helix. Thus, ir-
respective of which bases are present, the gluco-
sidic bonds (which join sugar and base) are ar-
range®in a regular manner in space. In particular,
any two glucosidic bonds (one from each chain)

I N

Ficure 4. This figure is diagrammatic. The two ribbons
symbolize the two phosphate-sugar chains and the horizon-
tal rods. The paths of bases holding the chain together.
The vertical line marks the fiber axis.
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which are attached to a bonded pair of bases, must’

always occur at a fixed distance apart due to the
regularity of the two backbones to which they are
joined. The result is that one member of a pair of
bases must always be a purine, and the other a
pyrimidine, in order to bridge between the two
chains. If a pair consisted of two purines, for ex-
ample, there would not be room for it; if of two
pyrimidines they would be too far apart to form
hydrogen bonds.

In theory a base can exist in a number of tau-
tomeric forms, differing in the exact positions ‘at
which its hydrogen atoms are attached. However,
under physiological conditions one particular form
of each base is much more probable than any of
the others. If we make the assumption that the
favored forms always occur, then the pairing re-
quirements are even more restrictive. Adenine can
only pair with thymine, and guanine only with cyto-
sine (or 5-methyl-cytosine, or 5-hydroxy-methyl-
cytosine). This pairing is shown in detail in Fig-
ures 5 and 6. If adenine tried to pair with cytosine
it could not form hydrogen bonds, since there
would be two hydrogens near one of the bonding
positions, and none at the other, instead of one in
each.

A given pair can be either way round. Adenine,
for example, can occur on either chain, but when

it does its partner on the other chain must aiways.

be thymine, This is possible because the two gluco-
side bonds of a pair (see Figures 5 and 6) are
symmetrically related to each other, and thus occur
in the same positions if the pair is turned over. -
It should be emphasized that since each base
can form hydrogen bonds at a number of points
one can pair up isolated nucleotides in a large va-
riety of ways. Specific pairing of bases can only be
obtained by imposing some restriction, and in our

ADENINE °

THYMINE

Ficure 5. Pairing of adenine and thymine. Hydrogen
bonds are shown dotted. One carbon atom of each sugar
is shown.

GUANINE o

CYTOSINE

Ficure 6. Pairing of guanine and cytosine, Hydrogen
bonds are shown dotted. One carbon atom of each sugar
is shown.

case it is in a direct consequence of the postulated
regularity of the phosphate-sugar backbone.

It should further be emphasized that whatever
pair of bases occurs at one particular point in the
DNA structure, no restriction is imposed on the
neighboring pairs, and any sequence of pairs can
occur. This is because all the bases are flat, and
since they are stacked roughly one above another
like a pile of pennies, it makes no difference which
pair is neighbor to which.

Though any sequence of bases can fit into our
structure, the necessity for specific pairing demands
a definite relationship between the sequences on the
two chains. That is, if we knew the actual order of
the bases on one chain, we could automatically
write down the order on the other. Our structure
therefore consists of two chains, each of which is
the complement of the other.

'1V. EvipENncE IN Favor oF THE COMPLEMENTARY

MobpEL

The experimental evidence available to us now
offers strong support to our model though we
should emphasize that, as yet, it has not been
proved correct. The evidence in its favor is of three
types:

(1) The general appearance of the X-ray pic-
ture strongly suggests that the basic structure is
helical (Wilkins et al., 1953 ; Franklin and Gosling,
1953a). If we postulate that a helix is present, we
immediately are able to deduce from the X-ray pat-
tern of Structure B (Figure 3), that its pitch is 34
A and its diameter approximately 20 A. Moreover,
the pattern suggests a high concentration of atoms
on the circumierence of the helix, in accord with
our model which places the phosphate sugar back-
bone on the outside. The photograph also indi-
cates that the two polvnucleotide chains are not
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spaced equally along the fiber axis, but are prob-
ably disptaced from each other by about three-
eighths of the fiber axis period, an inference again
in qualitative agreement with our model.

The interpretation of the X-ray pattern of Struc-
ture A (the crystalline form) is less obvious. This
form does not give a meridional reflexion at 3.4 A,
but instead (Figure 2) gives a series of reflexions
around 25° off the meridian at spacings between
3 A and 4 A. This suggests to us that in this form
the bases are no longer perpendicular to the fiber
axis, but are tilted about 25° from the perpendicu-
lar position in a-way that allows the fiber to con-
tract 30 per cent and reduces the longitudinal trans-
lation of each nucleotide to about 2.5 A. It should
be noted that the X-ray pattern of Structure A is
much more detailed than that of Structure B and so
if correctly interpreted, can yield more precise in-
formation about DNA. Any proposed model for
DNA must be capable of forming either Structure
A or Structure B and so it remains imperative for
our very tentative interpretation of Structure A to
be confirmed.

(2) The anomolous titration curves of undegrad-
ed DNA with acids and bases strongly suggests that
hydrogen bond formation is a characteristic aspect
of DNA structure.
initially treated with acids or bases, no groups are
titratable at first between pH 5 and pH 11.0, but
outside these limits a rapid ionization occurs (Gul-
land and Jordan, 1947; Jordan, 1951). On back
titration, however, either with acid from pH 12 or
with alkali from pH 214, a different titration curve
is obtained indicating that the titratable groups are
more accessible to acids and bases than is the un-
treated solution. Accompanying the initial release
of groups at pH 11.5 and in the range pH 3.5 to
pH 4.5 is a marked fall in the viscosity and the
disappearance of strong flow birefringence. While
this decrease was originally thought to be caused
by a reversible depolymerization (Vilbrandt and
Tennent, 1943), it has been shown by Gulland, Jor-
dan and Taylor (1947) that this is unlikely as no
increase was observed in the amount of secondary
phosphoryl groups. Instead these authors suggested
that some of the groups of the bases formed hydro-
gen bonds between different bases. They were un-
able to decide whether the hydrogen bonds linked
bases in the same or in adjacent structural units.
The fact that most of the ionizable groups are orig-
inally inaccessible to acids and bases is more easily
explained if the hydrogen bonds are between bases
within the same structural unit. This point would
definitely be established if it were shown that the
shape of the initial titration curve was the same at
verv low DNA concentrations, when the interaction
between neighboring structural units is small.

(3) The analytical data on the relative propor-
tion of the various bases show that the amount of
adenine is close to that of thymine, and the amount
of guanine close to the amount of cytosine - 5.

When a solution of DNA is.

methyl cytosine, although the ratio of adenine to
guanine can vary from one source to another
(Chargaff, 1951; Wyatt, 1952). In fact as the
techniques for estimation of the bases improve, the
ratios of adenine to thymine, and guanine to cyto-
sine + 5-methyl cytosine appear to grow very close
to unity. This is a most striking result, espectally as
the sequence of bases on a given chain is likely to
be irregular, and suggests a structure involving
paired bases. In fact, we believe the analytical data
offer the most important evidence so far available
in support of our model, since they specifically sup-
port the biologically interesting feature, the pres-
ence of complementary chains.

We thus believe that the present experimental
evidence justifies the working hypothesis that the
essential features of our model are correct and al-
lows us to consider its genetic possibilities.

V. GENETICAL IMPLICATIONS OF THE
COMPLEMENTARY MODEL

As a preliminary we should state that the DNA
fibers from which the X-ray diffraction patterns
were obtained are not artifacts arising in the meth-
od of preparation. In the first place, Wilkins and
his co-workers (see Wilkins et al., 1953) have
shown that X-ray patterns similar to those from
the isolated fibers can be obtained from certain
intagt biological materials such as sperm head and
beteteriophage particles. Secondly, our postulated
model is so extremely specific that we find it im-
possible to believe that it could be formed during
the isolation from living cells.

A genetic material must in some way fulfil two
functions. It must duplicate itself, and it must
exert a highly specific influence on the cell. Our
model for DNA suggests a simple mechanism for
the first process, but at the moment we cannot see
how it carries out the second one. We believe, how-
ever, that its specificity is expressed by the precise
sequence of the pairs of bases. The backbone of
our model is highly regular; ahd the sequence is
the only feature which cen carry the genetical in-
formation. It should not be thought that because
in our structure the bases are on the “inside,” they
would be unable to come into contact with other
molecules. Owing to the open nature of our struc-
ture they are in fact fairly accessible.

A MecuANIsM FOR DNA REPLICATION

The complementary nature of our structure sug-
gests how it duplicates itself. It is difficult to im-
agine how like attracts like, and it has been sug-
gested (see Pauling and Delbriick, 1940; Fried-
rich-Freksa, 1940; and Muller, 1947) that self
duplication may involve the union of each part
with an opposite or complementary part. In these
discussions it has generally been suggested that
protein and nucleic acid are complementary to each
other and that self replication involves the alternate
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syntheses of these two components. ,We should like

to propose instead that the specificity of DNA self

replication is accomplished without recourse to spe-
cific protein synthesis and that each of our com-
plementary DNA chains serves as a template or
mould for the formation onto itself of a new com-
panion chain. '

For this to occur the hydrogen bonds linking
the complementary chains must break and the two
chains unwind and separate. It seems likely that
the single chain (or the relevant part of it) might
itself assume the helical form and serve as a
mould onto which free nucleotides (strictly poly-
nucleotide precursors) can' attach themselves by
forming hydrogen bonds. We propose that poly-
merization of the precursors to form a new chain
only occurs if the resulting chain forms the pro-
posed structure. This is plausible because steric
reasons would not allow monomers “crystallized”
onto the first chain to approach one another in
such a way that they could be joined together in a
new chain, unless they were those monomers which
could fit into our structure. It is not obvious to
us whether a special enzyme would be required to
carry out the polymerization or whether the exist-
ing single helical chain could act effectively as an

enzyme,
DiFFICULTIES IN THE REPLICATION SCHEME®

While this scheme appears intriguing, it never-
theless raises a number of difficulties, none of
which, however, do we regard as insuperable. The
first difficulty is that our structure does not differ-
entiate between cytosine and 5-methyl cytosine, and
therefore during replication the specificity in se-
quence involving these bases would not be per-
petuated. The amount of S-methyl cytosine varies
considerably from one species to another, though
it is usually rather small or absent. The present
experimental results (Wyatt, 1952) suggest that
each species has a characteristic amount. They also
show that the sum of the two cytosines is more
nearly equal to the amount of guanine than is the
amount of cytosine by itself. It may well be that
the difference between the two cytosines is not
functionally significant. This interpretation would
be considerably strengthened if it proved possible
to change the amount of 5-methyl cytosine in the
DNA of an organism without altering its genetical
make-up. .

The occurrence of 5-hydroxy-methyl-cytosine in
the T even phages (Wyatt and Cohen, 1952) pre-
sents no such difficulty, since it completely re-
places cytosine, and its amount in the DNA is
close to that of guanine,

The second main objection to our scheme is that
it completely ignores the role of the basic prota-
mines and histones, proteins known to be combined
with DNA in most living organisms. This was done
for two reasons. Firstly, we can formulate a scheme
of DNA reproduction involving it alone and so

from the viewpoint of simplicity it seems better to
believe (at least at present) that the genetic spe-
cificity is never passed through a protein intermedi-
ary. Secondly, we know almost nothing about the
structural features of protamines and histones. Our
only clue is the finding of Astbury (1947) and of
Wilkins and Randall (1953) that the X-ray pattern
of nucleoprotamine is very similar to that of DNA
alone. This suggests that the protein component,
or at least some of it, also assumes a helical form
and in view of the very open nature of our model,
we suspect that protein forms a third helical chain
between the pair of polynucleotide chains (see Fig-
ure 4). As yet nothing is known about the func-
tion of the protein; perhaps it controls the coil-
ing and uncoiling and perhaps it assists in holding
the single polynucleotide chains in a helical con-
figuration.

The third difficulty involves the necessity for the
two complementary chains to unwind in order to
serve as a template for a new chain. This is a very
fundamental difficulty when the two chains are in-
terlaced as in our model. The two main ways in
which a pair of helices can be coiled together have
been called plectonemic coiling and paranemic coil-
ing. These terms have been used by cytologists to
describe the coiling of chromosomes (Huskins,
1941; for a review see Manton, 1950). The type of
coiling found in our model (see Figure 4) is called
plectonemic. Paranemic coiling is found when two
separate helices are brought to lie side by side
and then pushed together so that their axes roughly
coincide. Though one may start with two regular
helices the process of pushing them together neces-
sarily distorts them. It is impossible to have para-
nemic coiling with two regular simple helices go-
ing round the same axis. This point can only be
clearly grasped by studying models.

There is of course no difficulty in “unwinding”
a single chain of DNA coiled into a helix, since a
polynucleotide chain has so many single bonds
about which rotation is possible. The difficulty oc-
curs when one has a pair of simple helices with a
common axis. The difficulty is a topological one
and cannot be surmounted by simple manipulation.
Apart from breaking the chains there are only two
sorts of ways to separate two chains coiled plecto-
nemically. In the first, one takes hold of one end
of one chain, and the other end of the other, and
simply pulls in the axial direction. The two chains
slip over each other, and finish up separate and
end to end. It seems to us highly unlikely that this
occurs in this case, and we shall not consider it
further. In the second way the two chains must
be directly untwisted. When this has been done
they are separate and side by side. The number of
turns necessary to untwist them completely is equal
to the number of turns of one of the chains round
the common axis. For our structure this comes to
one turn every 34 A, and thus about 150 turns per
million molecular weight of DNA, tbat is per 5000
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A of our “structure.. The problem of uncoﬂmg falls
into two parts: .

(1) How many turns must be made, and how is
tangling avoided? . .

(2) What are the physical or chexmcal forces
which produce it?

For the moment we shall be mamly discussing
the first of these. It is not easy to decide what is
the uninterrupted length of functionally active
DNA. As a lower limit we may take the molecular
weight of the DNA after isolation, say fifty thou-
sand A in length and having about 1000 turns.
This is only a lower limit as there is evidence sug-
gesting a breakage of the DNA fiber during the
process of extraction. The upper limit might be the
total amount of DNA in a virus or in the case of a
higher organism, the total amount of DNA in a
chromosome. For T2 this upper limit is approxi-
mately 800,000 A which corresponds to 20,000
turns, while in the higher organisms this upper
limit may sometimes be 1000 fold higher.

The difficulty might be more simple to resolve if
successive parts of a chromosome coiled i opposite
directions. The most chvious way would be to have

both right and left handed DNA helices in se-

quence but this seems unlikely as we have only been
able to build our model in the right handed sense.
Another possibility might be that the long strands
of right handed DNA are joined together by com-
pensating strands of left handed polypeptide helices.
The merits of this proposition are difficult to as-
sess, but the fact that the phage DNA does not
seem to be linked to protein makes it rather un-
attractive,

The untwisting process would be less comph-
cated if replication started at the ends as soon as
the chains began to separate. This mechanism
would produce a new two-strand structure with-
out requiring at any time a free single-strand stage.
In this way the danger of tangling would be con-
siderably decreased “as the two-strand structure is
much more rigid than a single strand .and would
Tesist attempts to coil around its neighbors. Once
the replicating process is started the presence, at the
growing end of the pair, of double-stranded struc-
tures might facilitate the breaking of hydrogen
bonds in the original unduphcated section and al-
low replication to proceed in a zipper-like fashion.

It is also possible that one chain of a pair occa-
sionally breaks under the strain of twisting. The
polynucleotide chain remaining intact could then
release the accumulated twist by rotation about sin-
gle bonds and following this, the broken ends, be-
ing still in close proximity, might rejoin.

It is clear that, in spite of the tentative sugges-
tions we have just made, the difficulty of untwisting
is a formidable one, and it is therefore worthwhile
re-examining why we postulate plectonemic coiling,
and not paranemic coiling in which the two helical
threads are not intertwined, but merely in close
apposition to each other. Our answer js that with

paranemic coiling, the specific pairing of bases
wquld not allow the successive residues of each
helix to be in equivalent orientation with regard to
the helical axis. This is a possibility we strongly
oppose as it implies that a large number of stereo-

- chemical alternatives for the sugar-phosphate back-

bone are possible, an inference at variance to our
finding, with stereochemical models (Crick and
Watson, 1953) that the position of the sugar-phos-
phate group is rather restrictive and cannot be
subject to the large variability necessary for para-
nemic coiling. Moreover, such a model would not
lead to specific pairing of the bases, since this only
follows if the glucosidic links are arranged regu-
larly in space. We therefore believe that if a helical
structure is present, the relationship between the
helices will be plectonemic,

We should ask, however, whether there might
not be another complementary structure which
maintains the necessary regularity but which is
not helical. One such structure can, in fact, be
imagined. It would consist of a ribbon-like ar-
rangement in which again the two chains are joined
together by specific pairs of bases, located 3.4 A
above each other, but in which the sugar- phosphate
backbone instead of forming a helix, runs in a
straight line at an angle approximately 30° off the

line formed by the pair of bases. While this ribbon-

like structure would give many of the features of
the X-ray diagram of Structure B, we are unable
to define precisely how it should pack in a macro-
scopic fiber, and why in particular it should give a
strong equatorial reflexion at 20-24 A. We are thus
not enthusiastic about this model though we should
emphasize that it has not yet been disproved.

Independent of the details of our model, there are
two geometrical problems which any model for
DNA must face. Both involve the necessity for
some form of super folding process and can be
illustrated with bacteriophage. Firstly, the total
length of the DNA within T2 is about 8 X 10° A.
As its DNA is thought (Siegal and Singer, 1953)
to have the same very large M.W. as that from
other sources, it must bend back and forth many
times in order to fit into the phage head of diam-
eter 800 A. Secondly, the DNA must replicate it-
self without getting tangled. Approximately 500
phage particles can be synthesized within a single
bacterium of average dimensions 10¢ X 10* X 2
X 10* A. The total length of the newly produced
DNA is some 4 x 10® A, all of which we believe
was at some interval in contact with its parental
template. Whatever the precise mechanism of repli-
cation we suspect the most reasonable way to avoid
tangling is to have the DNA fold up into a com-
pact bundle as it is formed.

A PossiBLE MEcHANISM FOR NATURAL MuTaTion

In our duplication scheme, the specificity of repe~
lication is achieved by means of specific pairing
between purine and pyrimidine bases; adenine
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with thymine, and guanine with one of the-cyto-:-
sines, This specificity results from our assumption

" that each of the bases “possesses one tautomeric’' ™~

form which is very much more stable than any of

the other possibilities. The fact that a compound
is tautomeric, however, means that the hydrogen -
atoms can occasionally change their locations. It

seems plausible to us that a spontaneous mutation,
which as implied earlier we imagine to be a change
in the sequence of bases, is due to a base occurring
very occasionally in one of the less likely tautomeric
forms, at the moment when the complementary
chain is being formed. For example, while ade-
nine will normally pair with thymine, if there is a
tautomeric shift of one of its hydrogen atoms it can
pair with cytosine (Figure 7). The next time pair-
ing occurs, the adenine (having resumed its more

usual tautomeric form) will pair with thymine, but

the cytosine will pair with guanine, and so a change
in the sequence of bases will have occurred. It

would be of interest to know the precise difference -

in free energy between the various tautomeric
forms under physiological conditions.

GENERAL CONCLUSION .

The proof or disproof of our structure will have
to come from further crystallographic analysis, a

ADENINE

THYMINE v

ADENINE

Ficure. 7. Pairing arrangements of adenine before
(above) and after (below) it has undergone a tautomeric
shift, )

task we hope will be accomplished soon, It would
be surprising to us, however, if the idea of com-
plementary chains turns out to be wrong. This
feature was initially postulated by us to account
for the crystallographic regularity and it seems to
us unlikely that its obvious connection with self
replication is a matter of chance. On the other
hand the plectonemic coiling is, superficially at
least, biologically unattractive and so demands pre-
cise crystallographic proof. In any case the evi-
dence for both the model and the suggested repli-
cation scheme will be strengthened if it can be
shown unambiguously that the genetic specificity is
carried by DNA alone, and, on the molecular side,
how the structure could exert a specific influence
on the cell. ‘
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